Results

NGF Production by Normal Human Immunocompetent Cells
During the course of a study to assess plasma levels of NGF in various pathological settings, we noticed that particularly high amounts of cytokine were present in patients with chronic liver diseases and other autoimmune conditions. To determine which cell type, if any, among immunocompetent cells was responsible for NGF production, normal peripheral blood or tonsil mononuclear cells were fractionated into T cells, B cells, and monocytes. These cells were then cultured in the presence or absence of relevant stimuli and subsequently tested for biochemical evidence of NGF synthesis and secretion. Only B lymphocytes constitutively produced NGF, and their generation of NGF was enhanced by stimulation with Staphylococcus aureus of the I Cowan strain (SAC) ( Figure 1A ). Immunoblotting demonstrated a major band in B lymphocyte-conditioned medium with anti-NGF antibodies ( Figure 1A ), but not with nonimmune immunoglobulin G (IgG) (data not shown). Immunoprecipitation of metabolically labeled B cell supernatants also showed a single major band with Mr ≈ 13 kDa under reducing conditions or with Mr ≈ 26 kDa under nonreducing conditions, the presence of which was blocked by inclusion of excess unlabeled NGF ( Figure 1B ). Kinetic studies of B cell lysates and supernatants showed no NGF storage pool (data not shown). In contrast with these results with B cells, no NGF production was observed with T lymphocytes or monocytes, even after stimulation ( Figure 1A ). Although it has been reported quite recently that some T cell clones can produce NGF (Ehrhard et al., 1993b) , we became convinced that such cells are scarcely represented in a normal peripheral blood or tonsil sample (based on analysis of cell populations from at least twenty different donors), and we therefore focused on B cell production.
B lymphocytes were fractionated on density gradients, and high and low density fractions were studied as representative of resting and in vivo activated cells, respectively. Both B cell populations produced and efficiently released NGF (the latter approximately 60% more than the former; data not shown). Next, resting B cells were stimulated with antibodies to the human immuno- stimulation induced increase in cytokine production, which in con-(C) Western blot analysis, immunostained with anti-NGF antibodies, trast gradually decreased in unstimulated or anti-plus IL-4-of supernatants from 12 hr cultures of resting tonsil B lymphocytes, stimulated cultures. The same analysis performed on cell lysates separated by centrifugation through Percoll density gradients and revealed no NGF storage pool. , 1982) . It was evident that anti-plus IL-4 stimulation was ineffective, while SAC greatly enhanced NGF synthesis and secretion ( Figure 1C ). Analysis of supernatants of similar cultures by enzyme-linked immunoabsorbent assay (ELISA) confirmed that anti-plus IL-4-stimulated cells and unstimulated cells gradually reduced NGF production, while SAC-stimulated cells strongly increased it ( Figure 1D ). In contrast, both stimuli were effective with respect to induction of proliferative stimulation indices of greater than 10 and greater than 20, respectively ( Figure 1D , inset). These findings indicated that SAC, but not anti-plus IL-4, triggered a metabolic pathway leading to NGF production. An alternative explanation was that lymphocytes normally responding to anti-plus IL-4, i.e., mostly virgin s ϩ ␦ ϩ cells, did not alter NGF production (or possibly failed to produce it) following surface immunoglobulin (sIg) cross-linking, while the lymphocytes responding to SAC, a population also comprising cells with s␥ ϩ or s␣ ϩ (s␥ ϩ / ␣ ϩ ) phenotype, did, suggesting that the cytokine was involved in functional programs specific to the latter cell type.
Expression of NGF Receptor Molecules by Normal Human Immunocompetent Cells
The observation that NGF was produced by B lymphocytes prompted us to ascertain whether NGF receptors were also present, making possible an autocrine feedback loop. To this purpose, tonsil or peripheral blood T cells, B cells, and monocytes were studied for the expression of the two NGF binding molecules that are displayed by cells in the nervous system, the p140 trk-A (trk) and the p75 NGFR . Western blot analyses of cell lysates using specific antibodies showed that each of the cell types studied expressed the trk molecule ( Figure 2A) ; interestingly, p75 NGFR was produced by B cells only (Figure 2B) . Moreover, the same cells were studied by FACS (Eager, 1991 even in the presence of suboptimal doses of stimulants (data not shown), rather suggesting that the cytokine was not acting as a growth factor. Consistently, spontaneous proliferation of low density in vivo preactivated B cells was not modulated by anti-NGF antibodies (data not shown). These stimulation experiments with anti-plus IL-4 or SAC again indicated that different cell populations were responding to the mitogens and that they could be functionally divided on the basis of NGF utilization, in addition to NGF production (see also Figure 1C ). To gain support for this concept, we separated resting tonsil B lymphocytes by panning into s ϩ ␦ ϩ cells and s␥ ϩ and s␣
, which were then stimulated with SAC or anti-plus IL-4. Table 1 shows that proliferation of s ϩ ␦ ϩ cells in response to SAC was not affected by neutralizing anti-NGF antibodies. As expected, proliferation of s␥ ϩ /␣ ϩ cells to anti-plus IL-4 was very weak (data not shown), while these cells were quite responsive to SAC; when stimulation was exerted in the presence of anti-NGF antibodies, [ (Table 1 ) and in view of the known property of NGF to maintain survival of neuronal cells (in its absence, those cells undergo apoptosis), we considered whether NGF might enhance survival of resting s ϩ ␦ ϩ cells or s␥ ϩ /␣ ϩ cells. Thus, the above populations, purified from tonsils, were cultured in the presence of anti-NGF antibodies or NGF antisense oligonucleotides for various time intervals, and the ratio of fragmented to intact DNA, as a measure of the percentage of cells undergoing apoptosis, was recorded. When s ϩ ␦ ϩ cells were analyzed, equal proportions of cells were apoptotic, both those treated with anti-NGF reagents and those with control preimmune IgG (or sense oligonucleotide) (Figure 4A) . In contrast, cultures of s␥ ϩ /␣ ϩ cells treated with anti-NGF antibodies or oligonucleotides contained more than 60% apoptotic cells at 60 hr, whereas control cultures had less than 20% apoptotic cells (p < 0.0001) ( Figure 4B) ; interestingly, the kinetics of apoptosis were much slower compared with that of s ϩ ␦ ϩ cells, sug- Thus, to ascertain whether the functional difference between the subsets was due to utilization, rather than production, of NGF, we investigated an important determinant of the pathway leading to apoptosis, Bcl-2 protein turnover (Korsmeyer, 1992) . Purified resting s␥ ϩ /␣ ϩ and s ϩ ␦ ϩ populations were cultured with anti-NGF or control antibodies for 18 hr and then lysed to analyze their intracellular content of Bcl-2 protein. Figure 4C shows that neutralization of endogenous NGF caused the complete disappearance of Bcl-2 protein from s␥ ϩ /␣ ϩ cells but did not affect Bcl-2 protein content in s ϩ ␦ ϩ cells, revealing a major difference between the subpopulations with respect to NGF utilization.
Anti-NGF Antibodies Deplete Memory B Cells In Vivo
Since s ϩ ␦ ϩ phenotype identifies virgin B cells, whereas cells with s␥ ϩ /␣ ϩ phenotype comprise those lymphocytes that have already undergone the process of immunoglobulin constant region class switch, including memory B lymphocytes (Kishimoto and Hirano, 1989; Sprent, 1994) , we hypothesized that the autocrine NGF served as a survival factor for memory B cells. We decided to test this concept, using an in vivo approach to analyze the well-defined hapten-specific systems Nitrophenolbovine serum albumin (NIP-BSA) or Arsonate-keyhole limpet hemocianin (Ars-KLH), or the complex (mosaic) antigen system tetanus toxoid (TT). First, we demonstrated a substantial identity between human and murine B cells regarding NGF synthesis (murine s␥ ϩ /␣ ϩ and s ϩ ␦ ϩ cells constitutively produced 234 Ϯ 21 pg/10 7 and 28 Ϯ 3 pg/10 7 cells, respectively), NGF receptor received a single dose of neutralizing anti-NGF IgG, while the other ten mice were injected with nonimmune IgG as control. After an additional 48 hr, all animals The above findings suggest that, consistent with in received a recall dose of the respective antigen; 4 days vitro data, anti-NGF antibodies were able to induce cell later, all mice were sacrificed, and plasma concentradeath of most isotypically switched memory B cells, tions of antigen-specific IgM and IgG were determined thus quenching a secondary humoral response. To obby ELISA. Animals receiving anti-NGF antibodies tain direct evidence supporting this concept, we treated showed levels of specific IgG to the immunogen marktwo groups of normal adult mice with anti-NGF IgG or edly lower than those of controls (p < 0.001) ( Figure 5A ).
with control IgG. After 3 days, spleen cells were isolated, In contrast, no difference was observed in the concenand the proportions of B cell subpopulations were astration of antigen-specific IgM ( Figure 5B ), indicating sessed by cytofluorimetry. Figure 6 shows that the perthat the antibody response generated by the newly centage of s␥ ϩ /␣ ϩ cells was markedly reduced in formed virgin B lymphocytes encountering the immunospleens of treated mice, compared with controls, while gen, the second primary response, was not affected. To no significant difference between the two groups was strengthen further the latter conclusion, two additional observed in the percentage of s experiments was compatible with the hypothesis that Human PBMNC were cultured at 3 ϫ 10 6 cells/ml for 12 days in the presence or absence of PWM (10 g/ml), goat anti-NGF antibodies or preimmune goat IgG (10 g/ml), CD40 or CD4 supernatant (1:10 final dilution). At the end of the incubation, supernatants were collected and IgA, IgG, and IgM were measured by ELISA using specific antibodies. Data are expressed as mean Ig concentration of triplicate wells; standard deviation was less than 15%. respective precursors, induced by anti-NGF antibodies. These data are consistent with the results of the above 
Discussion
The ability to discriminate finely among a multitude of the cytokine was an autocrine survival factor for memory B lymphocytes. However, the same results would have chemical structures and to retain a trace of these encounters (specificity and memory) are the hallmarks of been observed if NGF were involved in the machinery that governs the IgM→IgG class switch, along with the the immune system. While the molecular bases of specificity have been largely defined through the extensive CD40 ligand (Aruffo et al., 1993) . If this is true, however, a higher proportion of IgM-producing cells, together with characterization of the biochemistry and genetics of the antigen receptors expressed by T and B lymphocytes, a reduced amount of IgG-or IgA-producing cells, should be observed whenever a polyclonal population of lymknowledge of immune memory is still largely phenomenological. In particular, it remains to be defined whether phocytes is induced to differentiate in vitro in the presence of anti-NGF antibodies. Thus, normal human pea single memory cell, like most lymphocytes, has a definite and limited life span in quiescent conditions or is ripheral blood mononuclear cells were cultured for 10 days with pokeweed mitogen to stimulate polyclonal a long-living cell lasting for years, possibly throughout life. Several hypotheses have been proposed, the predifferentiation (Kishimoto and Hirano, 1989) , and with either anti-NGF IgG or nonimmune IgG as negative convailing one being that the long persistence of antigen within lymphoid organs results in a continuous slow trols, or with soluble CD40 pentamer, a genetically engineered molecule that prevents the CD40-gp39 inproliferation of immune cells that maintain immunological memory (Gray, 1993) . However, it is difficult to imagteraction (Fanslow et al., 1992) as a positive control. Immunoglobulin measurement by ELISA revealed that ine how antigens can remain unmodified for years, particularly if proteinaceous (Sprent, 1994) . In fact, evidence anti-NGF antibodies induced a definite reduction in the level of IgG and IgA in the pokeweed mitogen-stimulated has been provided that immunological memory can be maintained for quite long periods by noncycling cells cultures, but also IgM levels approximately 20% lower than those of control cultures (Table 2) . By contrast, the (Schittek and Rajewsky, 1990) , although the molecular mechanisms allowing their survival are still unknown. In soluble CD40 pentamer caused a depression of IgG and IgA secretion compared with controls and an increase the present paper, we show evidence suggesting that memory B lymphocytes, when generated, may undergo in the rate of IgM secretion (Table 2) .
These experiments indicated a clear difference in the the same fate as Bizzozzero "perennial" cells, whose prototypes are neurons, because of their ability to promechanisms likely to be responsible for the observed changes. In fact, the soluble CD40 pentamer caused a duce an autocrine survival factor, NGF. The major argument suggesting that the cytokine acts block in the immunoglobulin class switch phenomenon, inducing an "accumulation" of cells in the preswitch as a survival rather than a growth factor is based on the observation that preventing NGF receptor triggering of (i.e., s ϩ ) compartment; in contrast, anti-NGF antibodies caused only a strong reduction of IgG-and IgA-producpurified s␥ ϩ /␣ ϩ resting B cells by neutralizing anti-NGF antibodies caused massive cell death by apoptosis. In ing cells, an evidence of disappearance (death) of the addition, when resting unfractionated B cells were stimboth chains cooperate in binding a single molecule of ligand, as conflicting results on this topic have been ulated with anti-antibodies plus IL-4, which elicited a strong proliferative response, they did not increase NGF reported (Jing et al., 1992; Benedetti et al., 1993; Huber and Chao, 1995) . However, it has been shown that exproduction rate and their proliferation was not augmented by exogenous recombinant NGF, nor was it afpression of p75 NGFR induced neural cell death constitutively when the protein was unbound, while its binding fected by anti-NGF antibodies. Moreover, when SAC was used to stimulate the same cells, increased by NGF or by monoclonal antibodies inhibited cell death (Rabizadeh et al., 1993) , suggesting that it is, per se, amounts of NGF were secreted, but further addition of exogenous cytokine failed to potentiate [ 3 H-]thymidine able to transmit a biological signal, consistent with the structural homology between p75 NGFR and a series of incorporation, even if suboptimal doses of stimulant were applied. Consistently, low density in vivo preactireceptor chains, including TNFRI, TNFRII, Fas/Apo-1, and CD40, all involved in inducing or preventing vated B cells expressed more NGF, but saturating doses of anti-NGF antibodies did not abolish B cell proliferaapoptosis in target cells (reviewed by Raffioni et al., 1993) . These latter data are entirely in accord with our tion, as would be expected if the cytokine were a growth factor. Taken together, these considerations instead finding that neutralization of the autocrine NGF, but not treatment with anti-p75 NGFR , determines B cell death (unpointed to NGF as a survival factor.
This conclusion might appear to conflict with reports published data), pointing to this receptor chain as a mediator of signals acting upon the survival-death dithat in the past years have suggested an intrinsic growth-stimulating activity of NGF on lymphocytes (Otvide. Interestingly, in spite of the structural homology between p75 NGFR and CD40, it is clear that NGF does not ten et Brodie and Gelfand, 1992) . However, these reports can be reinterpreted taking into account take part in the immunoglobulin class switch process. In some cell types, such as keratinocytes or melanothat, according to our findings, addition of exogenous NGF may reduce the number of some cells spontanecytes (Yaar et al., 1994; Di Marco et al., 1993) , trk mediates signals that potentially stimulate cell proliferation, ously dying in vitro (particularly those originating IgAand IgG4-secreting cells; Kimata et al., 1991) because in contrast with what occurs in neuronal cells, whereby NGF prevents apoptosis following trk engagement, posof low density culture conditions, eventually leading to a higher basal proliferation in culture. Moreover, distincsibly via phosphatidylinositol-3 kinase activation (Yao and Cooper, 1995) . This discrepancy might be solved tion between growth and survival factor may be purely nominalistic, as suggested by the observation that IL-3 by the existence of another chain or chains that may participate in the formation of a multichain receptor and stem cell factor support long-term survival of dormant noncycling lymphohematopoietic progenitors in complex with trk or p75 NGFR or both, as usually occurs for most cytokine receptors. The latter hypothesis would liquid cultures (Katayama et al., 1993) .
The finding of spontaneous production of NGF by B also explain the limited but significant difference we observed in NGF binding affinities displayed by large cells lends further support to the evidence of a phlogistic role of NGF (Aloe et al., 1994) , which probably contriband resting B cell populations (approximately 30 pM versus approximately 170 pM, respectively; see Figutes in a paracrine fashion to the function of inflammatory cells, such as macrophages, which are equipped ure 4). Separation of normal resting B lymphocytes on the with the receptor machinery necessary to respond to the cytokine (Ehrhard et al., 1993a ) but unable to produce it basis of surface immunoglobulin isotype expression identifies two functionally different subpopulations; i.e., (Santambrogio et al., 1994;  Figure 1B , our data). Similar considerations apply for T lymphocytes. In this study, s ϩ ␦ ϩ virgin and s␥ ϩ /␣ ϩ memory cells (Kishimoto and Hirano, 1989) . We used this approach to gain insights we make no attempts to characterize more precisely, from a phenotypic or functional standpoint, the (sub)-into the role of NGF autocrine circuit and observed several features that led us to suggest that the cytokine is populations of T cells expressing NGF receptors and hence probably responding to it. However, B cellan endogenous survival factor for memory cells, both in humans and in mice. First, while both virgin and memory derived NGF might subserve important roles in the complex event of B cell antigen presentation to T lymphocells expressed basically the same levels of NGF receptors, the latter produced at least 8-fold more NGF protein cytes, particularly when a secondary immune response has to take place. In fact, sIgG ϩ memory B cells express than the former. Second, treatment with neutralizing anti-NGF antibodies induced disappearance of Bcl-2 receptors with the highest affinity for the antigen (Siekevitz et al., 1987; MacLennan and Gray, 1986) and are protein and, consistently, massive DNA fragmentation in s␥ ϩ /␣ ϩ cells, while it was insignificant for s ϩ ␦ ϩ cells. therefore privileged in the competition for binding that occurs when the antigen is in limited amounts. Their Third, in vivo administration of anti-NGF antibodies abolished secondary antigen-specific immune responses ability to release NGF might be essential for a proper activation of either memory or naive T cells. but failed to affect the primary IgM response. Finally, a single injection of anti-NGF antibodies to normal animals An important point that has emerged from our study is the simultaneous expression of both chains, the trk caused a marked reduction in the percentage of isotypically switched B lymphocytes, which comprise memory molecule and the p75 NGFR molecule, known to bind NGF by B lymphocytes, a feature typically presented by neucells. On the other hand, these findings raise at least two important issues, namely, the maturational stage at ronal cells. Although NGF was the first cytokine to be characterized, relatively little still is known about the which NGF gene expression takes place and the relationships between NGF and Bcl-2. specific metabolic pathways triggered by its interaction with either receptor chain, nor is it clear whether or not Little is presently known about the molecular pathused at the final dilution of 1:10,000. Human rIL-4 (R & D) was used ways that relate NGF receptor chains to Bcl-2, a protein at 100 U/ml, rabbit anti-human chain was used at 1 g/ml, NGF critically regulating survival both in neurons and in , 1993; Hawkins and Vaux, 1994; Nunez et al., 1991) , blastoma cell proliferation assay [Janet et al., 1995] in response to which in fact disappears from resting sIgG ϩ or sIgA ϩ 100 ng/ml of NGF) or preimmune goat IgG were used at 10 g/ml.
Cells were pulsed with 0. cently, evidence has been provided that reactive oxygen
For immunoglobulin production, human peripheral blood monospecies and, more generally, alterations in the cellular nuclear cells were cultured for 12 days in the presence or absence redox potential may be involved (Greenlund et al., 1995) .
of pokeweed mitogen (10 g/ml, GIBCO), anti-NGF antibodies (10
In this connection, it has been shown that low-rate nitric g/ml), preimmune goat IgG (10 g/ml), and CD40-or CD4-suoxide production in Epstein-Barr virus-infected B lympernatant (1:10 final dilution). Supernatants were collected and tested for IgG, IgA, and IgM production by ELISA.
phocytes, constitutively expressing nitric oxide synFor analysis of NGF production, cells (2 ϫ 10 7 ) were cultured thase, prevents apoptosis (Mannick et al., 1994) , probaat 10 7 /ml in serum-free RPMI 1640, supplemented with 10% (v/v) bly acting at multiple levels on thiol-sensitive pathways Nutridoma (Sigma) for different times in the presence or absence of that also regulate metabolism of Bcl-2, susceptible to SAC (1:10,000 final dilution), phytohemoagglutinin (1 g/ml, GIBCO), intracellular redox potential and participating in its mainlipopolysaccharide (10 g/ml, Sigma), and supernatants assayed tainance (Hockenbery et al., 1993 (Ishii et al., 1992) , these molecules could also participate Sato (1978) . The purity of the isolated population was always greater in the adaptive response elicited by NGF. We are presthan 90%, as assessed by flow cytometry using specific MAbs.
ently investigating the latter hypothesis in memory B
To rule out the interference of the activation process following sIg receptor triggering, all the experiments were repeated using the cells following NGF neutralization. fragments (supernatant). Pellets were resuspended in 5 ml of a buffer
The evidence that the autocrine circuit is public (involvcontaining 10 mM Tris and 1 mM EDTA (pH 8.0), and pellet and ing secretion of ligands and binding to extracellular resupernatant samples were assayed for DNA content, using the diphenylamine reagent (1.5% diphenylamine in acetic acid plus 10% ceptors) instead of private, or intracrine, strongly sugacetaldehyde) for 16 hr at 30ЊC (Burton, 1956) . The optical density gests that function of both systems may be modulated at 600 nm was measured for each sample. Percentage of DNA by either receptor antagonists or soluble receptors, origfragmentation was calculated according to McConkey et al. (1989) .
inating a complex network of "social" controls over the Cell viability was evaluated by trypan blue dye exclusion.
fate of a single lymphocyte. Interestingly, the latter complexity may yield several opportunities to interfere with
Radioligand Binding Studies such dynamics using pharmacological approaches.
For analysis of surface NGF receptors, human resting tonsil or murine splenic B lymphocytes were acid-treated with RPMI 1640 medium buffered at pH 3.0 for 1 min on ice and washed with phosphateExperimental Procedures buffered saline (PBS). Acid-treated resting B lymphocytes and in vivo activated large B lymphocytes were then incubated at 10 6 /ml Cell Isolation and Culture with different concentrations of 125 I-NGF (Amersham; specific activHuman T lymphocytes were separated from peripheral blood mononuclear cells or tonsil cells by E-rosetting. Monocytes were isolated ity 50 Ci/g), in the presence or absence of excess unlabeled human rNGF for 2 hr at 4ЊC. Cells were washed, and bound radioactivity by coating the plates with NIP-BSA or Ars-KLH. After saturation with PBS containing 1% BSA and rinsing with PBS with 0.05% was counted in a ␥ counter. Specific binding was calculated for each experimental point, and data were analyzed by a scientific (v/v) Tween 20, coated wells were incubated for 1 hr at 37ЊC with serial dilution of mouse sera; a pool of preimmune mouse sera was program (Figure P, Biosoft) . For radioligand internalization, cells were cultured as above with 0.5 nM 125 I-NGF in the presence or used as negative control. Bound immunoglobulin were detected by addition of alkaline phosphatase-conjugated goat anti-mouse IgG absence of excess unlabeled NGF, washed and cultured at 37ЊC for 2 hr, then treated with glycin buffer (pH 2.8) and lysed. Memor IgM. The final reaction was visualized by incubating with NPP (Sigma) substrate solution, and absorbance at 405 nm was recorded. brane-bound (acidic eluate) and cell-associated radioactivity were determined by counting in a ␥-counter. The neutral pH wash and the acidic pH eluate from 10 8 resting B cells was TCA concentrated, Acknowledgments blotted on nitrocellulose, and immunostained with anti-NGF IgG or with preimmune IgG for detection of the receptor-bound endogeThis work is dedicated to Rita Levi-Montalcini. Correspondence nous ligand.
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